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Abstract
Molecular dynamics simulations together with micromechanics method have been proven an effective approach to assess
the elastic moduli of either partially or fully exfoliated (i.e. single-layer) effective clay (montmorillonite) cluster. In this
work, similar approach was adopted to estimate the overall compressive modulus of nylon 6/montmorillonite nanocom-
posites. In detail, the compressive modulus of single-layer effective clay cluster along either lateral or longitudinal direc-
tions was first determined by performing molecular dynamics simulations, and then, the compressive modulus of
partially exfoliated two-layer or three-layer effective clay clusters along the longitudinal direction was measured in a simi-
lar way. Finally, the overall compressive moduli of clay-incorporated polymer nanocomposites with either randomly dis-
persed or well-aligned effective clay clusters at different volume fractions of clay were evaluated according to the
individual compressive modulus using the well-established rule of mixture.
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Introduction
Clay-based polymer nanocomposites have exhibited
many advanced properties such as significantly reinforced
mechanical properties (e.g. elastic moduli),1–6 greatly
improved thermal stability,7,8 excellent gas barrier proper-
ties9,10 and dielectric properties.11,12 Among these fantas-
tic properties of polymer/clay nanocomposites, enhanced
mechanical properties have attracted a lot of interest and
attention. This is because the incorporation of nanoclay
into polymer matrix at a small volume fraction could
have an obvious reinforcing effect on the enhancement in
mechanical properties. The origin of this reinforcement
effect can be largely attributed to the large ratio of surface
area to volume and excellent cation exchange ability of
montmorillonite, thus giving rise to strong interactions
between polymer matrix and clays.13,14 Among the
mechanical properties, tensile modulus and compressive
modulus are the two most important mechanical
properties of polymer nanocomposites. Generally, these
two moduli should have similar values, but they can be
expected to have slightly different values probably due to
the different load transfer behaviours.5,15 Much effort,
either experimental or theoretical, has been devoted to
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determine the elastic moduli of clay-based polymer
nanocomposites over last decades. Numerically speak-
ing, attention so far has been paid to the finite element
analysis together with micromechanics modelling of the
mechanical properties of polymer–clay nanocomposites
based on two- or three-dimensional model from the con-
tinuum or micro-level,16–19 but most of them have put
emphasis on the volume fraction of clay, level of exfolia-
tion and flake orientation and so on. In contrast, the
interfacial structure between clay and polymer, atomic
structure of clays, surface effect, and so on are often
ignored, and the intermolecular forces such as van der
Walls (vdW) attraction and the short-range Born repul-
sion forces that are not so obviously important on the
continuum or macro/micro-level play increasingly domi-
nant role at the nanoscale.20,21 Therefore, much work is
needed to be performed to take into account the interfa-
cial microstructure and intermolecular forces from the
atomic/molecular scale. What is more, most of the previ-
ous works are associated with tensile modulus, while the
prediction of compressive modulus is often neglected,22
and there remains a great need for better understanding
the compression behaviours of materials and the under-
lying mechanisms in order to strengthen one’s ability to
predict the mechanical properties and boost the develop-
ment of polymer–clay nanocomposites. In practice, a
spectrum of advanced experimental approaches has been
developed to prepare polymer/clay nanocomposites to
improve the dispersion of clay within the polymer
matrix, such as chemical modifications of polymer
matrix,23 pretreatment of clay24 and master batch.25
However, its reproducibility is affected by many factors
and requires rigorous control of experimental condi-
tions. Thus, molecular dynamics (MD) simulation, as an
alternative tool, has a valuable role to play in providing
almost exact results from atomic/molecular level.20,26
Experimentally, Schadler et al.27 characterised both
compressive modulus and tensile modulus of carbon
nanotube/epoxy composites and found that there is a
better load transferring behaviour when the composites
are subjected to compression than being subjected to ten-
sion. They attributed such phenomenon to the rationale
that when the composites are under compressive stress,
easier load transfer can pass through the inner layers of
multiwalled nanotubes (MWNTs) due to the easy buck-
ling and bent sections of the nanotubes. Theoretically,
Brune and Bicerano5 developed a model to compare the
tensile and compressive moduli of nanocomposites, and
they found that a reduction in compressive modulus
occurred relative to the tensile modulus. However, it is
still theoretically challenging to predict the compressive
modulus of polymer nanocomposites, and an effective
approach is still to be well developed.
In our previous work, Young’s moduli of nylon 6/
clay nanocomposites have been predicted using the MD
simulation along with conventional micromechanics
method, and the developed approach has been well vali-
dated by comparing with experimental data.22 In this
work, similar approach will be adopted to calculate the
compressive moduli of individual clay, effective nylon 6/
clay clusters, and then, the overall compressive of poly-
mer nanocomposites will be evaluated using the similar
approach to Young’s modulus. In detail, the compres-
sive moduli of either fully exfoliated or partially exfo-
liated two-layer and three-layer effective clay clusters
are first calculated using the MD simulations. Then, the
overall compressive moduli of polymer–clay nanocom-
posites under various conditions (e.g. well-aligned effec-
tive clay clusters, randomly dispersed effective clay
clusters within the polymer matrix) will be predicted
using the micromechanics method of rule of mixtures.
Finally, a comparison will be made between the com-
pressive moduli and tensile moduli of nylon 6/montmor-
illonite (MMT) nanocomposites.
Simulation method
Model construction
The three effective clay clusters including single-, two-
and three-layered clay clusters are built in the same
way as done before.22 The three structures are shown
in Figure 1. Note that the basal spacing of octa-
decyltrimethyl ammonium–modified montmorillonite
(ODTMA-MMT) is 22.3 A˚.22
Simulation conditions
The setting parameters including force field, the algo-
rithm and the controlling methods of temperature and
Figure 1. The three effective clay clusters: (a) fully exfoliated
single-layer effective clay clusters, (b) partially exfoliated two-
layer effective clay clusters and (c) partially exfoliated three-layer
effective clay clusters.
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pressure are adopted in a similar way as reported
before.22 In this work, three effective clay clusters were
subjected to compressive stress along the longitudinal
direction (Z-axis) in order to determine their compressive
moduli, and five gradually increased compressive stresses
were applied to the three effective clay clusters. The MD
simulations were performed using isothermal–isobaric
NPT ensemble (i.e. constant atom number, constant pres-
sure and constant temperature) and velocity Verlet inte-
gration algorithm with a time step of 1 fs (1.0 3 10215 s).
After the first external compressive stress was applied to
the structure, NPT simulation was carried out for 100ps,
and data were collected from the last 50ps to analyse the
compressive modulus using discover analysis module.
The final structure was then exported and fully relaxed
using NVT ensemble (i.e. constant atoms, constant vol-
ume and constant temperature), followed by being sub-
jected to a higher external compressive stress to obtain
the corresponding compressive modulus. Finally, the as-
obtained five compressive moduli of effective clay clusters
were averaged. Apart from the longitudinal Z-axis direc-
tion, compressive moduli of fully exfoliated single-layer
effective clay cluster along the lateral directions (e.g. X-
or Y-axis) were also determined using the same calcula-
tion method, which will be used to predict the overall
compressive modulus of nanocomposites.
Overall compressive moduli of nylon 6/MMT
nanocomposites with randomly dispersed or
well-aligned effective clay clusters
The compressive moduli of randomly dispersed effec-
tive clay clusters and the overall compressive moduli of
nylon 6/MMT nanocomposites can be obtained based
on statistical distributions and the rule of mixture,
respectively. The detailed calculation process and gov-
erning equations can be found in the previously pub-
lished work.22
Results and discussion
Compressive modulus of effective clay clusters
MD simulations were carried out to determine the com-
pressive moduli of fully exfoliated effective clay cluster
along both the lateral direction (E11) and longitudinal
direction (E33). Likewise, those of partially exfoliated
(two or three layer) effective clay clusters along the
longitudinal direction (E33) were also obtained in a sim-
ilar way. The results are listed in Tables 1–3, respec-
tively. Continuous compressive stresses were applied to
these three structures. That is, for single-layer clay clus-
ter, compressive stress of 0.6–1.0MPa along the lateral
direction and 6–10MPa along the longitudinal direc-
tion was applied, whereas compressive stress ranging
from 5 to 9MPa was employed for partially exfoliated
effective clay clusters along the longitudinal direction.
However, as observed from Tables 1–3, the results
obtained are not sensitively dependent on the applied
stresses, at least in the considered range.
The calculated compressive moduli of these three
structures along longitudinal direction E33 are
35.6 6 1.25, 52.4 6 2.94 and 61.3 6 4.16GPa, respec-
tively. In our previous work, the obtained Young’s
moduli of these three structures along the longitudinal
direction E33 are 36.8 6 3.22, 51.7 6 2.26 and
60 6 0.98GPa, respectively. It can be observed that
Table 1. The calculated compressive moduli (E11, GPa) of single-layer effective clay cluster along the lateral direction.
Applied stress (MPa) 0.6 0.7 0.8 0.9 1 Average
E11 33.8 37.5 38.0 38.5 34.4 36.4 6 1.25
Table 2. The calculated compressive moduli (E33, GPa) of single-layer effective clay cluster along the longitudinal direction.
Applied stress (MPa) 6 7 8 9 10 Average
E33 35.0 34.0 37.4 35.9 35.8 35.6
Table 3. The calculated compressive moduli (E33, GPa) of partially exfoliated two- and three-layer effective clay clusters along
longitudinal direction.
Applied stress (MPa) 5 6 7 8 9 Average
E33 (two layer) 50.2 50.6 54.9 56.2 50.0 52.4 6 2.94
E33 (three layer) 58.5 64.8 64.2 55.4 63.7 61.3 6 4.16
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these two mechanical properties (i.e. compress moduli
and Young’s moduli) of these effective clay clusters
have almost the same values, but the compressive mod-
uli are slightly larger than Young’s moduli to a larger
degree. Similar phenomena have been widely observed
in experimental and computational measurements,28
which is often referred to as ‘hardening effect’. The
rationale for such difference possibly lies in the high
pressure inside the particle during the compressing
process.29
Overall compressive moduli of nylon 6/MMT
nanocomposites with well-aligned unitary effective
clay clusters
The overall compressive moduli of nylon 6/MMT nano-
composites can be calculated in virtue of the individual
compressive moduli of either effective clay cluster or
polymer matrix. The volume fraction of clay fc is here
supposed to be 0.1, 0.5, 1.2, 2.5 and 3.7 vol%. And, N
(=1, 2, 3) represents the average number of silicate
layers in the effective clay clusters, corresponding to
fully exfoliated single-layer (N=1), partially exfoliated
two-layer (N=2) and three-layer effective clay clusters
(N=3), respectively. As shown in Figure 2, there is no
much difference in compressive moduli for fully and
partially exfoliated morphologies. But it is still clear
that fully exfoliated morphology exhibits the largest
compressive moduli among the three effective struc-
tures. Similar phenomena have also been observed else-
where,5 indicating that incomplete exfoliation has an
obvious adverse effect on the reinforcement of polymer
nanocomposites. Because the polymer matrix is sand-
wiched between clay layers, this will increase the spac-
ing distance of the stacks and decrease the effective
aspect ratio of clays. Therefore, a lower effective modu-
lus compared with the fully exfoliated clay clusters will
be generated.
Overall compressive moduli of nylon 6/MMT
nanocomposites incorporating with well-aligned
binary effective clay clusters
As confirmed from transmission electronic microscopy
(TEM) by Anoukou et al.,4 when the loading of clay is
high, for example, 1.2, 2.5 and 3.7 vol%, it is mainly
partially exfoliated clay clusters that are distributed
within polymer matrix. Therefore, we assume that there
exist only two- and three-layer effective clay clusters,
and the evaluated results are shown in Figure 3. With
the increase in volume fraction of two-layer effective clay
clusters in nanocomposites, compressive moduli gradu-
ally increase. In particular, when the volume fraction of
two-layer effective clay cluster equals 1 (fs, two=1), that
is, two-layer only, the nanocomposites reach a peak com-
pressive modulus.
Overall compressive moduli of nylon 6/MMT
nanocomposites with classical distribution of angle
In practice, the distribution of clay clusters within poly-
mer matrix is treated to ideally follow the uniform dis-
tribution or adopts the Gaussian distribution. In such
cases, the compressive moduli of polymer composites
containing sole one-, two- or three-layer clay clusters
are first calculated, and the results are listed in Table 4.
The overall compressive moduli of nanocomposites
with classical distributions (either uniform distribution
or Gaussian distribution) are shown in Figures 4 and 5,
Figure 2. Overall compressive moduli of nylon 6/MMT
nanocomposites incorporating clay clusters containing different
numbers N of clay platelets in a typical stack (with
d001 = 2.23 nm).
Figure 3. Compressive moduli of nylon 6/MMT
nanocomposites at different fractions of two-layer effective clay
clusters while the total volume fraction of silicate clay fs is 1.2,
2.5 and 3.7 vol%.
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respectively. It can be observed that Gaussian distribu-
tion predicts larger values of compressive moduli than
uniform distribution does. This phenomenon is explain-
able in terms of the fact that the angle u mainly locates
between 40 and 60 in Gaussian distribution, and as
observed from Table 5, the compressive moduli of
effective clay clusters are relatively larger when the
angle u falls within 30, 45 and 60. It can be observed
that given the identical angles, with the increase in the
number of layers of clays, the compressive modulus
gradually increases except the parallel condition
(u=0); given the identical angle, the compressive
modulus first increases gradually from 36.4GPa, then
reaches a peak at 45, followed by a decrease. This
might be understandable that at the optimum angle of
u=45, sliding between clays can be mitigated to a
minimum, and especially for the case of 90, relative
sliding or rolling between adjacent clays in the two-
dimensional directions that readily leads to translation
or rotation for the parallel orientation, can also be alle-
viated. Therefore, the interconnected network provides
the highest compressive modulus. Besides, it observed
from Figures 4 and 5 that fully exfoliated morphology
(N=1) predicts the largest value, whereas partially
exfoliated morphologies (N=2 and N=3) give
smaller and almost identical results. This conclusion
has been well recognised that fully exfoliated morphol-
ogy exhibits the largest mechanical properties.4,5
Table 4. The calculated compressive moduli (GPa) of fully exfoliated (single-layer), two-layer and three-layer effective clay clusters
when the angle u follows uniform distribution and Gaussian distribution.
Single-layer effective clay Two-layer effective clay Three-layer effective clay
Uniform distribution 45.8 56.5 62.2
Gaussian distribution 50.8 62.7 69.0
Table 5. Compressive moduli (GPa) of fully exfoliated single-layer effective clay cluster, partially exfoliated two-layer and three-layer
effective clay clusters with different angles.
Clay layers Angle (u)
0 30 45 60 90
N= 1 36.4 49.3 50.9 49.0 35.6
N= 2 36.4 57.7 62.8 63.6 52.4
N= 3 36.4 62.2 69.1 71.3 61.3
Table 6. Compressive moduli (GPa) of effective clay clusters with arbitrarily assigned distribution of angle u.
Clay layers Percentage of angles
0 (0%) 30 (25%) 45 (35%) 60 (20%) 90 (20%)
N= 1 0 12.3 17.8 9.8 7.1
N= 2 0 14.4 22.0 12.7 10.5
N= 3 0 15.6 24.2 14.3 12.3
Figure 4. Overall compressive moduli of nylon 6/MMT
nanocomposites for different numbers N of clay platelets in a
typical stack (with d001 = 2.23 nm), in which the angle u follows
the uniform distribution.
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Overall compressive moduli of nylon 6/MMT
nanocomposites when distribution of angle u is
arbitrarily assigned and based on experimental
observation
In the previous work,22 we have demonstrated that
MD simulations of Young’s moduli of nylon 6/MMT
nanocomposites with random distribution of angle u
can satisfactorily reproduce the experimental data.
Therefore, in this section, we will continue to use the
same method to predict the overall compressive moduli
of nanocomposites. The distribution of angle u that is
either arbitrarily assigned or determined based on
experimental observation was applied, and the results
are shown in Tables 6 and 7, respectively. Accordingly,
the overall compressive moduli of nylon 6/MMT nano-
composites can be seen in Figures 6 and 7, respectively.
As can be observed from Figure 6, the same and even
ratios of angle u were applied to both fully and par-
tially exfoliated morphologies. However, Anoukou
et al.4 have reported that the clay platelets are dispersed
in random angles when fully exfoliated clay platelet
predominates in the nanocomposites; thus, our simula-
tion data took the percentages of angles 0, 30, 45,
60 and 90 as occupied by 30%, 30%, 0%, 20% and
20%, respectively. Moreover, the clay platelets are
mainly located parallel to the applied force when par-
tially exfoliated structures start to occur (i.e. the clay
volume fractions are 2.5 and 3.7 vol%). Therefore, dur-
ing the simulations, the percentages of angles 0 and
90 were given 90% and 10%, respectively, and our
simulated results were shown in Figure 7.
Conclusion
Compressive modulus, as one of the important mechan-
ical properties of polymer nanocomposites, was studied
using MD simulations. In this work, the compressive
moduli of polymer nanocomposites incorporated with
clay clusters under either well-aligned or randomly dis-
persed circumstances were studied. The previously
developed simulation approach together with tradi-
tional micromechanics method was further developed
and extended to predict the overall compressive modu-
lus of polymer nanocomposites. The simulation results
show that the fully exfoliated clays deliver better com-
pressive moduli of polymer nanocomposites than partly
exfoliated clays; moreover, the nanocomposites give
rise to the highest compressive modulus at the optimum
angle of 45, whatever be the types of exfoliated clays.
Table 7. Randomly dispersed effective clay clusters when the angle u distribution is determined based on experimental observation.
0 30 45 60 90
0.5% N= 1 30% 30% 0% 20% 20%
1.2% N= 2 80% 10% 0% 0% 10%
2.5% N= 3 90% 0% 0% 0% 10%
3.7% N= 3 90% 0% 0% 0% 10%
Figure 5. Overall compressive moduli of nylon 6/MMT
nanocomposites for different numbers N of clay platelets in a
typical stack (with d001 = 2.23 nm), in which the angle u follows
the Gaussian distribution.
Figure 6. Overall compressive moduli of nylon 6/MMT
nanocomposites for different numbers N of clay platelets in a
typical stack (with d001 = 2.23 nm), in which the angle u
distribution is arbitrarily assigned, as shown in Table 6.
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It is believed that when the effective clay clusters are
randomly located in the polymer matrix, our simulation
data can reasonably predict the overall compressive
moduli of nylon 6/MMT nanocomposites in practice.
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